The thermalization of optically excited cold holes in a GaAs quantum well is investigated by femtosecond two-color pump-probe measurements. Clear evidence is found for scattering from heavy-holes into the lowest light-hole band due to LO-phonon absorption. We obtain firm data on scattering times which depend strongly on lattice temperature. They vary from 230 fs at room temperature to 900 fs at Tϭ105 K. The experimental data are well reproduced by numerical calculations. © 1996 American Institute of Physics. ͓S0003-6951͑96͒03021-5͔
Firm experimental data on ultrafast carrier dynamics in semiconductors and semiconductor heterostructures are of prime importance for the development of novel ultrafast opto-electronic devices. The development of ultrashort-pulse lasers has stimulated a large number of time-resolved studies addressing the picosecond and subpicosecond dynamics of nonequilibrium carriers in GaAs and other III-V semiconductors. 1, 2 Since the density of states in the conduction band is generally much lower than that of the valence band, in most studies the experimental signals are dominated by the dynamics of optically excited electrons. 3 Only in a few specific experiments could information on the hole relaxation dynamics be obtained in special sample structures. [4] [5] [6] [7] [8] In these studies, holes were excited with a certain excess energy and subsequent cooling processes were observed. In contrast, optical excitation of excitons close to the band edge will create initially cold holes. In this case, the hole dynamics at elevated lattice temperatures is expected to be dominated by the absorption of longitudinal optical ͑LO͒ phonons that leads to a heating of the initial hole distribution. 3, 7 In this letter, we investigate the intervalence band thermalization of optically excited holes. Femtosecond timeresolved measurements of the bleaching of the heavy-hole ͑HH͒ and light-hole ͑LH͒ exciton transition in a GaAs multi quantum well ͑MQW͒ sample are performed. The nonlinear absorption of the excitonic transitions is determined by two contributions, namely the reduction of the oscillator strength and the broadening of the exciton line. 9 It has been shown previously that the reduction of the oscillator strength strongly depends on the subband occupation number, while the intrasubband carrier distribution does not play a significant role. 9, 10 In the same work it was found that broadening is not affected by changes of the subband occupation. Furthermore, measurements of absorption changes at the lowenergy edge of the E1H1 transition-which are dominated by broadening-under various excitation conditions only show an ''instantaneous'' signal without any further dynamics on a picosecond time scale, indicating that this signal contribution is not sensitive to the exact intrasubband carrier distribution, either. 11 These facts make it possible to measure changes of the hole subband occupation by choosing sample and excitation parameters that prevent any electron intersubband dynamics.
Our experiments are performed in a two-color pumpprobe scheme, using femtosecond pulses of a Kerr-lens mode-locked Ti:sapphire laser with a pulse duration of 50 fs and a bandwidth of Ϸ38 meV full width at half-maximum ͑FWHM͒. In order to allow selective excitation and probing of various excitonic transitions, the pump pulses are spectrally filtered with interference filters of Ϸ9 meV FWHM, and the probe energy is selected using a monochromator (Ϸ2 meV FWHM͒ behind the sample. The reduction of the bandwidth results in a temporal broadening of the pump pulses to Ϸ300 fs, while spectrally filtering the probe pulse behind the sample does not lead to a further limitation of the temporal resolution. We measure optically induced transmission changes of a GaAs MQW sample by using a photomultiplier behind the monochromator and applying a lock-in technique. The sample consists of 40 periods of 6.5 nm GaAs wells and 20 nm Al 0.35 Ga 0.65 As barriers grown by molecular beam epitaxy. The substrate is removed by chemical etching to allow transmission measurements. The sample is placed in a closed-cycle cryostat to perform measurements at various lattice temperatures.
The optically induced transmission changes near the band edge of the MQW sample are completely dominated by changes of the lowest two excitonic absorption lines. As illustrated in Fig. 1 they correspond to transitions between the first HH and LH subbands and the lowest electron subband. In the same figure a typical differential transmission spectrum is shown obtained in a ''white-light'' pump-probe experiment 3, 9 at room temperature taken 3 ps after resonant excitation at the E1H1 transition. The spectrum reflects a quasi-equilibrium situation. Within this time interval the optically created carriers are completely thermalized with the lattice. The splitting between the HH and LH excitons of 25 meV is large enough to allow selective pumping and probing. Bleaching of continuum transitions can be neglected in comparison with the transmission changes at the exciton peaks. Figure 2 shows the temporal evolution of the induced transmission changes at room temperature after resonant excitation of the HH and LH exciton, respectively. The transients were measured with the probe tuned to the maxima of the exciton lines, as indicated in the figure. The total carrier density for both excitation wavelengths is N exc ϭ1.1ϫ10 10 cm Ϫ2 , as estimated from the pump power and the spot size. For the case of LH excitation, the time dependence of the HH and LH transmission changes is characterized by a rise that closely follows the integral of the pump pulse and does not show any indication of carrier relaxation on a picosecond time scale. In contrast, after HH excitation, we observe an initially enhanced bleaching at the HH transition, which relaxes within Ϸ1 ps. Complementary to this relaxation, the rise of the LH bleaching is significantly slower than under LH excitation.
While the ''overshoot'' of the HH bleaching is very similar to early results from Knox et al., who studied the ionization of excitons by LO phonon absorption, 12 the delayed increase of the LH bleaching indicates that the transient bleaching dynamics in our experiment cannot be explained by exciton ionization alone. In fact, the transmission signature after HH excitation matches the expected dynamics associated with interband population changes of cold holes which are heated up to lattice temperature by LO phonon absorption: Under the chosen experimental conditions, only heavy holes are optically excited. Due to thermalization with the lattice however, a significant number of holes will be transferred into the LH band since the L-H splitting is on the order of the thermal energy of the lattice. This interpretation is supported by a numerical simulation based on coupled rate equations for the HH and LH occupation. The simulations include both an ''instantaneous'' contribution due to broadening and electron subband occupation and a contribution due to the HH and LH subband occupation changes. The simulation results are indicated by the dotted curves in Fig.  2 , which have been obtained assuming a single intervalence band scattering time of HϪL ϭ230 fs. Obviously, the experimental data can be closely reproduced by the simulation, indicating a common cause for the HH bleaching decay and the delayed LH bleaching increase.
Although the experimental situation is more complicated, no significant changes of the relative LH and HH occupations can be observed in the experimental data after LH excitation. Due to the HH continuum both heavy and light holes will be excited so that intervalence band thermalization may also occur by hole-hole scattering processes. As the L-H splitting is smaller than the LO phonon energy, L→H transitions can only occur by emission of acoustic phonons or absorption of LO phonons. The former process is known to take place on a time scale of 130 ps. 4 The latter is quite inefficient due to the large momentum change required. We note that the bleaching dynamics after resonant LH excitation does not show any fast changes which could be assigned to ionization of the LH excitons.
In order to further verify our interpretation of the experimental data, we performed measurements at different temperatures. Theory predicts that interband scattering rates depend linearly on the phonon occupation number and therefore on the lattice temperature. 13 For the case of excitation at the HH subband minimum the H-L scattering rate due to LO phonon absorption is given by:
where ⑀ ϱ ϭ10.92, ⑀ s ϭ12.90, k L is the final state wavevector of the electron, Qϭ͉k L ͉ is the in-plane phonon-wavevector component, LO is the LO-phonon frequency, N LO is the phonon occupation number:
and H HL ͑Q͒ is the multisubband coupling coefficient:
where
representing the hole wave functions. ͑1͒ and ͑2͒. The experimental data can be well reproduced by coupled rate equations and a temperature-dependent H-L scattering time HϪL , that varies from 230 fs at 300 K to 900 fs at 150 K. At Tϭ8 K only the instantaneous signal contribution is observed since the phonon occupation number is nearly zero and phonon absorption cannot take place ( HϪL →ϱ).
For direct comparison with theory, the experimentally determined scattering rates are plotted versus the phonon occupation number in Fig. 4 . We estimate an accuracy of Ϯ25 fs in the determination of the scattering times, as indicated by the error bars. The dotted line represents a linear fit through the experimental values. The dashed line shows the result of a direct numerical calculation of the scattering rates 1/ HϪL based on Eqs. ͑1͒-͑3͒. For this calculation parabolic in-plane-dispersion for both HH and LH subbands is assumed. The slope of the theoretical curve is m th ϭ16.9 ps Ϫ1 and a linear fit through the experimental data points gives m ex ϭ13.7 ps
Ϫ1
. Given our assumption of parabolic valence subbands, which is a rather crude approximation, 14 the agreement between data and the calculated scattering rates is quite satisfactory. Better quantitative agreement would require a full numerical treatment taking into account the precise dispersion of the HH and LH subbands.
In conclusion, we present first direct measurements of intervalence band thermalization after optical excitation of cold heavy holes in a quantum well. This thermalization requires a scattering from heavy into light holes which takes place on a subpicosecond time scale by absorption of LO phonons. The experimental data are in very good agreement with theoretical predictions. 
